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Chapter 1: General introduction 
 
 
  Porous materials are used by good adsorbent because they have large 
surface area and pore volume.  Thus, many adsorption phenomena have 
been studied [1-11].  Especially, the structure of molecules or ions in narrow 
pores whose width is less than 1 nm (nanopore) have different from their 
bulk structure caused by deep potential depth [12-21].  For example, The 
confinement of molecules often induces high pressure reaction, which is 
named quasi-high pressure effect, water molecules in the pore form a local 
ordered structure which sensitively depends on the pore width, and heavy 
metal ions in the hydrophobic carbon nanopores show an evident 
dehydration.  The elucidation of the structure of fluids in nanopore should 
be revealed with the relevance to various fields; air separation, water 
purification, electrical double layer capacitor (EDLC) and the function of 
biomembranes [22-27].  Particularly, study of the structures of 
low-atomic-number materials in nanopore is needed because play an 
essential role in life activity, nature, and many technologies. 
  The methods of analysis applied to nanostructure are as follows: X-ray and 
neutron diffractions, X-ray absorption fine structure (XAFS), NMR, and 
molecular simulation [28-35]. Especially, XAFS is a powerful tool for 
structure analysis around high-atomic-number elements.  However, it 
cannot be effectively applied to the atoms of low atomic number.  
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Synchrotron X-ray diffraction is useful for structure analysis in nanopore 
due to high-intensity light.  And molecular simulation is suitable for 
studying the mechanism of adsorption in nanopores.  
  The present work deals with two porous materials.  Activated carbon 
fibers (ACFs) have graphitic and hydrophobic surface and uniformed 
slit-nanopores.  Thus they should be comparison the theoretical and the 
experimental results, and the graphite-molecule interaction could be 
observed.  Elastic layered metal organic frameworks (ELMs) have unique 
CO2 adsorption phenomena, it called gate adsorption.  That occurs through 
expansion/shrinkage structural transformation of the 2D layers 
accompanied with a clathrate formation between the host framework and 
guest molecules.  
  The purpose of this study is to determine the structure of small molecules 
and ions in nanopores.  The theory of simulation and experimental is 
described in chapter 2.  In chapter 3, structure analysis of CaCl2 solution in 
activated carbon fibers with molecular simulation and synchrotron X-ray 
diffraction is presented.  In chapter 4, structure analysis of cyclohexene 
molecules in activated carbon fibers with molecular simulation is described 
and CO2 adsorption on ELM-11 is presented in chapter 5.  Finally, 
conclusion of the study is described in chapter 6.     
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Chapter 2: Theory 
 
 
2.1 Molecular simulation 
2.1.1 Interaction energy between molecules 
Statistical thermodynamics relates macroscopic properties to the 
microscopic properties.  The microscopic properties are described by 
intermolecular interactions [1, 2]. 
The simplest model of intermolecular interaction (molecule: monatomic) is 
the hard-sphere potential. 
 
𝜙(𝑟) = {
∞     𝑟 ≤ σ
0      𝑟 > 𝜎
 
 
Here,  is the hard-sphere diameter and r is the intermolecular distance.  
The potential has the disadvantage of the absence of attractive term.  
However, it is useful in the system that is under the high temperature 
condition. 
The square-well potential is the “hard sphere + attractive term” model. 
   
𝜙(𝑟) = {
∞                 𝑟 ≤ σ
−𝜀        𝜎 < 𝑟 ≤ λσ
0                   𝑟 > 𝜎𝜆
 
 
Here,  is some multiple of the hard-sphere diameter and  is a measure of 
(1) 
(2) 
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the attractive interaction. 
The more realistic representation of intermolecular interaction is given by 
the Lennard-Jones potential. 
 
𝜙(𝑟) = 4ε [(
𝜎
𝑟
)
12
− (
𝜎
𝑟
)
6
] 
      
Here, r-12 term means repulsive and r-6 term means attractive.  This 
equation is applied to same atoms or monoatomic molecules interaction.  
The expanded equation for polyatomic molecules is as follows; 
 
𝜙𝐴𝐵(𝑟) = ∑ ∑ 4ε [(
𝜎𝑖𝑗
𝑟𝑖𝑗
)
12
− (
𝜎𝑖𝑗
𝑟𝑖𝑗
)
6
]                                                (4)
𝑗𝑖
 
 
here, rij is the distance between the i-th atom in molecule A and the j-th atom 
in molecule B.  The Lorentz-Berthelot mixing rules were applied to obtain 
the interaction energy and size parameters for the hetero-atomic interaction 
[3].   
 
𝜎𝑖𝑗 =
𝜎𝑖 + 𝜎𝑗
2
 
        (5) 
𝜀𝑖𝑗 = √𝜀𝑖 ∙ 𝜀𝑗 
 
If the molecule is polar molecule (or ion), interaction potential is calculated 
from Lennard-Jones potential and Coulombic interaction. 
(3) 
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     𝜙
𝐴𝐵
(𝑟) = ∑ ∑ 4ε [(
𝜎𝑖𝑗
𝑟𝑖𝑗
)
12
− (
𝜎𝑖𝑗
𝑟𝑖𝑗
)
6
] +
𝑞
𝑖
𝑞
𝑗
𝑟𝑖𝑗
                                                (6)
𝑗𝑖
 
 
Here, qn is charge on atom n.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-1: Interaction energy 
 a) hard-sphere potential b) square-well potential c) Lennard-Jones potential   
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2.1.2 Graphite wall model: Steele potential 
The slit-shaped pore was modelled using the interface between two 
semi-infinite graphite slabs; the molecule-carbon wall interaction was 
approximated by the 10-4-3 Steele potential [4].   
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


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i i
sf
i
sf
i
sf
sf
zzz
A iii
3
4410
20435.0005.15
2 

       (7) 
 
Here, A is 76.38 π εsfi σsfi2 and z is the vertical distance of the i-th atom in a 
molecule from the centre of a carbon atom on one side of a carbon surface; σsfi 
and εsfi were derived from the Lorentz-Berthelot mixing rules.  σs and εs are 
the Lennard-Jones parameters for the carbon atom in graphite (Table 2-1) 
and σfi and εfi are the Lennard-Jones parameters for the i-th atom in the 
molecule [5].  Strictly speaking, the molecule-graphite slab interaction was 
summed and smoothed by all of the interactions between the component 
atoms in the molecule and the graphite slab using the Steele potential.  In 
the case of the graphite slit pore, the interaction of the molecule with the 
pore was expressed by the sum of the interaction potentials of the molecule 
with both graphite walls, as given by eq. (8). 
 
         (8) 
 
Here, H is the physical slit pore width, which is the inter-nuclear distance 
between opposite graphite walls.  The physical slit pore width was 
   zHz sfsfp  
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associated with the pore width, w, which can be experimentally measured as 
follows [6].  
 
2/856.0,2 00 ffsfzzHw        (9) 
 
Here, z0 is the closest contact distance between the molecule and the 
graphite pore wall. 
 
Table 2-1: Lennard-Jones parameter of graphite   
 / nm 0.3416 
 kB-1 / K 30.14 
 
 
2.1.3 Periodic boundary condition 
  In molecular simulation, the computable number of molecules is 105 
particles and the size of simulation box is less than micrometer on a side.  
Meanwhile, the appropriate units for size of real system are mater and mol 
(6.02 ×1023 particles), in other words, the real system is significantly larger 
than the simulation box.  Periodic boundary conditions can be applied by 
constructing an infinite lattice that replicates the cubic simulation box 
throughout space.   
Particles in any box on this lattice have a mirror image counterpart in all 
other boxes (Figure 2-2). Changes in one box are matched exactly in the 
other boxes.  If a particle leaves a box then its counterpart in a neighboring 
box enters through the opposite face.  The central box is devoid of any 
boundaries and surface effects are eliminated.  The particles near lattice 
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faces are subjected to interaction energy from the particles that are in mirror 
boxes (Figure 2-3).  
When the use of periodic boundary conditions, the effective range of radial 
distribution functions is r < L/2 (L: simulation box of length) because the 
mirror boxes have same structure as the original box.  
 
 
 
 
 
Figure.2-2: Image of periodic boundary condition 
When a particle move from A (original box) to B (mirror box), the particle enters 
through the opposite face and move to B’ (original box).  
 
 
 
 
 
A 
B B’ 
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Figure 2-3: Calculation area 
Blue square: original simulation box, white square: mirror box,  
and orange square: Calculation area of red particle 
 
2.1.4 Canonical ensemble Monte Carlo (MC) method  
Monte Carlo method can simulate a thermodynamic equilibrium state 
without relying on the movement of molecules.  Canonical ensemble Monte 
Carlo simulation is the system while the number of molecules, volume and 
temperature are constant.   The calculation procedure is as follows (Figure 
2–4):  
1. Set molecules randomly in a simulation box  
2. Calculate the total potential energy (U1) in the box  
3. Move a molecule and then make a new structure  
4. Calculate the total potential energy (U2) 
5. Compare with U1 and U2 
 If U1 is larger than U2, the new structure is adopted. 
If not, the transition probability is calculated and then compare to 
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random number.  When the transition probability is larger than the  
Random number, the new structure is adopted.  Conversely, if the 
random number is larger than the transition probability, the initial 
structure is adopted. 
  6. Repeat from 2 to 5 
 
 
 
 
Figure2-4: Simulation image of Monte Carlo method 
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2.1.5 Grand canonical Monte Carlo (GCMC) method 
  Grand canonical Monte Carlo method is the system while the chemical 
potential, volume and temperature are constant.  The calculation procedure 
is as follows (Figure 2–5): 
  1. Calculate the total potential energy (U1) in the simulation box at 
chemical potential 
  2. Operate a molecule; inserting, moving or erasing  
  3. Calculate the total potential energy (U2) in the new structure 
  4. Compare with U1 and U2 along with MC method 
  5. Repeat from 1 to 4 until the number of molecules becomes constant   
  6. Change a new chemical potential and then repeat the procedure 
 
 
Figure2-4: simulation image of Grand canonical Monte Carlo method 
- 16 - 
 
2.2 Experimental 
2.2.1 Gas adsorption 
  The adsorption amounts depend on the mass of the adsorbent m, the 
adsorption temperature T, the equilibrium pressure of the gas P, and the 
nature of both the adsorbent and adsorbate.  If n is the quantity of 
adsorbate expressed in moles per gram of adsorbent, the relationships of 
them is described as follows; 
                  n = f (T, P, adsorbent, adsorbate)            (10) 
in general, adsorption measurements are carried out at constant 
temperature. Thus, eq.(10) can be expressed simply as 
                   n = f (P) T , adsorbent, adsorbate            (11) 
this relation is called “adsorption isotherms”.  If the temperature is below 
the critical temperature of the adsorbate,  
n = f (P/P0) T , adsorbent, adsorbate            (12) 
is more useful, where P0 is saturation vapor pressure at the measurement 
temperature T and P / P0 is called relative pressure. 
  Generally, N2 adsorption at 77K used for surface characterization to 
determine specific surface area, micropore volume and average pore size. 
The adsorption isotherms are analyzed by Brunauer-Emmet-Teller Theory, 
Dubinin-Rudushkevich Theory, s method, and Dollimore-Heal method 
[7-12]. 
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2.2.2 Liquid adsorption 
  In general, Batch adsorption method is used for liquid adsorption.  The 
procedure is as follows: 
1. Prepare the adsorbate solutions and measure the concentration of 
adsorbate in the solutions 
2. Measure the amount of adsorbent after pretreatment 
3. Add the solutions to the adsorbents 
4. Maintain a constant temperature until equilibrium 
5. Measure the concentration of adsorbent in the solutions after 
equilibrium 
6. Calculate the adsorption amount 
 
Formula of adsorption amount is as follows: 
 
  
)g(L   volumePoreg)adsorbent( ofWeight 
on(mol)oncentrati mEquilibriuon(mol)oncentrati Initial
           
 )L (mol pore inionConcentrat
1
1





CC
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Chapter 3: Structure of CaCl2 solution  
in Carbon Slit-pore 
 
 
3.1 Introduction 
Ionic solutions have played a key role in a whole range of chemistry and 
chemical technology, in particular electrochemistry and also in the battery 
technology [1-3]. Chemistry on ionic solutions has been also indispensable to 
elucidate the mechanism of life activity [4-6]. Accordingly great efforts have 
been done to clarify the hydration structure around ions using X-ray and 
neutron diffractions, X-ray absorption fine structure (XAFS) spectroscopy, 
and molecular simulations [7-14]. The exact understanding of the 
relationship between the properties and structure of ionic solutions still need 
more studies. One difficulty in the research on the ionic solution is associated 
with the highly symmetrical structure around an ion; it is difficult to find out 
a slight structural difference in the water molecule-ion bonding. If we can 
expose the ions to an anisotropic molecular field, the slight coordination 
difference can be intensified, showing a clue to get a more deep 
understanding. 
Recent studies on water adsorbed in hydrophobic carbon nanopores of 
slit-shape showed that water molecules in the pore form a local ordered 
structure which sensitively depends on the pore width [15-18]. Then, the 
hydrophobic carbon nanopore can affect efficiently the intermolecular 
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structure of water. Ohkubo et al. introduced Rb and Br ions in the 
hydrophobic carbon nanopores, showing an evident dehydration around the 
Rb ion with the aid of XAFS analysis [19]. Then, nanoconfinement of ionic 
solution can offer a new route to understand the ionic solution. Although 
XAFS spectroscopy is a powerful tool for structure analysis around heavy 
metal ions, it cannot be effectively applied to light metal ions. We need to 
study the hydration structures around Ca, K, and Na ions in nanopores, 
because these ions play an essential role in life activity, nature, and many 
technologies. Molecular simulation could be useful for studying the 
mechanism of ionic solution in nanopores [20]. In this chapter, we study the 
hydration structure of CaCl2 aqueous solution and the hydrogen bonding 
network of water around their ions in ideal slit-shaped hydrophobic 
nanopores having different nanopore widths. 
 
3.2 Simulation parameter 
Canonical ensemble Monte Carlo 
simulation of CaCl2 aqueous 
solution was conducted for 
assessment of the structures with 
1.0 mol dm-3 Ca ion concentration 
for the nanopore widths w of 0.4-6.0 
nm and for the bulk at 303 K.  A nanopore is a slit space between the 
infinite parallel basal planes of graphite. Unit cell size for nanopore is 6 × 6 × 
600 nm3 and for bulk is 6 × 6 × 6 nm3 (Figure 3-1). And periodic boundary 
Figure 3-1: Unit cell models 
A) bulk, and b) nanopore   
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condition with Ewald correction was used in this calculation. 
The particle numbers of Ca and Cl ions, and water are automatically 
defined when we calculate the CaCl2 ionic solution and density [21-25] in the 
unit cell, as shown in Table 3-1.  The calculation process is as follows; 
 
The number of Ca ions(𝑛𝐶𝑎): The Concentration of solution (𝐶) ×  volume ×
                                                           Avogadro number(𝑁𝐴)    
The number of Cl ions(𝑛𝐶𝑙): 𝑛𝐶𝑎 × 2   
The number of water molecules(𝑛𝑤):
{C × d × 𝑁𝐴−(𝑛𝐶𝑎𝑚𝐶𝑎+𝑛𝐶𝑙𝑚𝐶𝑙)}
𝑚𝑤𝑎𝑡𝑒𝑟
    
 
here, the volume is 62 × w nm3 (in nanopore) or 63 nm3 (in bulk) , d is the 
density of solution (1.07 g dm-3) and m is an atomic or a molecular weight 
(mCa; 40.08, mCl; 35.50, and mwater; 18.00) [26,27].  The molecular number of 
pure water is adjusted to the corresponding total molecular number of ions 
and water molecules in each ionic solution system. 
The combined potential model of Lennard-Jones and Coulomb interactions 
(see Chap.2.1.1) was used for Ca and Cl ions, and a water molecule (Table 
3-2). The optimum potential parameters were determined by fitting to the 
lattice energy of CaCl2 crystal [27,28]; the Lennard-Jones parameters of Ca 
and Cl ions, and the charges roughly agreed with the literature values 
[13,29], and the TIP5P model (Figure 3-2) were used for water 
intermolecular interaction [30]. The 10-4-3 Steele potentials were used for 
water molecule-graphite surface interactions (see Chap.2.1.2). The 
fundamental calculation procedure is almost similar to simulation of water 
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adsorbed in carbon nanopore in the ref.31. 
 
Table 3-1: Particle numbers at 1mol dm-3 
Pore width / nm Ca2+ Cl- Water 
0.4 9 18 388 
0.5 11 22 417 
0.6 13 26 696 
0.7 15 30 800 
0.8 18 36 911 
0.9 20 40 1030 
1.0 22 44 1144 
1.5 33 66 1786 
2.0 44 88 2468 
6.0 (Bulk) 135 270 6885 
 
Table 3-2: Potential parameters 
 
 
  
  / nm  kB -1 / K q / e 
Ca2+ 0.3037 50.0 +2.0 
Cl- 0.4643 50.0 -1.0 
H - - +0.2410 
O 0.312 80.51 - 
e (Lone pair) - - -0.2410 
Bond length l1 (H-O): 0.09572 nm 
      l2 (e-O): 0.07000 nm  
Bond angle ∠HOH: 104.52° 
    ∠eOe: 109.47° 
Figure 3-2: TIP5P model 
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3.3 Results and discussion 1: Pore size effect  
3.3.1 Potential profiles and density profiles  
  Figure 3-3 shows the density profiles of Ca and Cl ions, and water 
molecules in nanopores of w = 0.5, 0.7 and 1.0 nm. The ion(water)-pore 
interaction potentials are shown for comparison by the dashed lines in 
Fig.3-3.  The density profiles of Cl ions and water molecules were similar to 
the potential curves of themselves. On the contrary, the distribution of Ca 
ions is located on the inside of the potential curves.  The results suggest 
that the interaction energy of Ca2+-water or Ca2+-Cl- is larger than Ca2+-pore 
interaction. Therefore, Hydration energy of Ca2+- H2O, Cl— H2O and H2O - H2O 
is shown in Figure 3-4.  
  According to the Fig.3-4, interaction energies in nanopore (solid lines) are 
larger than that in bulk (dashed lines) with decreasing pore width, and the 
interaction energy of Ca2+- H2O is larger than that of Cl— H2O and H2O - H2O. 
These results mean that the hydration structure of Ca ions in narrower pore 
is more rigid than that of bulk solution.    
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w = 0.5 nm 
w = 0.7 nm 
w = 1.0 nm 
Figure 3-3: Density profiles (solid lines) and potential profiles (dashed line) and snapshots   
Blue, red and yellow spheres depict H2O, Ca
2+
, Cl
-
 respectively. 
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3.3.2 Structure of water molecules around ions 
The radial distribution functions (rdf) of ions-water molecules are shown in 
Figure 3-5. Here the molecular distributions were normalized by the total 
number of ions.  The peak shape of Ca-water rdf is sharper than that of 
Cl-water rdf.  Thus, the water molecules around Ca ions have more ordered 
structure than the water molecules around Cl ions.  In the nanopore of w = 
0.5 nm, the distances of water – Ca2+ were slightly shorter than the others. 
The results suggest that the hydration structure of Ca ions in narrow pore 
has packed structure and corresponds to the result of the interaction energy 
between Ca ion to water molecule. 
 
 
  
Figure 3-4: Hydration energy of Ca-H2O(red lines), Cl- H2O (yellow lines) and 
H2O - H2O (blue lines).   
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3.3.3 Hydration structure 
  Figure 3-6 shows the snapshots of hydration structure in the nanopore of 
w = 0.5, 0.7 and 1.0 nm.  In the nanopore of w = 0.5 nm, two-dimensional 
hydration structure is formed because of spatial limitation. With increasing 
pore width, three-dimensional hydration structure was formed and the 
number of water molecules around an ion was increased.  The hydration 
number is shown in Figure 3-7. 
The hydration number of a Ca and Cl ion in the nanopore of w < 0.6 nm 
was smaller than that of bulk solution.  In contrast, the hydration structure 
is larger than that of bulk solution in the nanopore of w ≥ 0.6 nm.  
Furthermore, the number of ion pairs in nanopore of w ≥ 2.0 nm is half that 
of bulk solution.  The results suggest that the hydration structure is more 
dominant than the ion pair structure in nanopore.  In the nanopore of w = 
6.0 nm, the hydration number and the number of ion pairs are similar to 
those of bulk solution.  It predicts no confinement effect in the nanopore of 
w ≥ 6.0 nm. 
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Figure 3-5: Radial distribution functions of Ca-water (upper side) and 
Cl-water (lower side).   
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Figure 3-6: Snapshots of hydration structure in nanopore of A): 0.5 nm 
B): 0.7 nm and C): 1.0 nm 
A) B) 
C) 
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Figure 3-7: Hydration number 
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  Figure 3-8 shows the local radial distribution functions of the 
intermolecular O-H bonds of water molecules around Ca and Cl ions in the 
ionic solution and the radial distribution functions in the pure liquid water 
for comparison.  The peaks around Ca ions sifted to the longer distance than 
those of pure liquid water.  It means that the water molecules around Ca 
ions form an impaired hydrogen-bonded structure.  In nanopore of w = 0.5 
nm, the peaks are distinct from each other and sift to the shorter distance 
than those of bulk solution.  These results suggest that unique 
hydrogen-bonded structure is formed around Ca ions in 0.5 nm nanopore 
because of the strong interaction energy between Ca ion to water molecules.  
On the other hand, the hydrogen-bonded structure around Cl ions is 
independent of the presence of ions and of the pore width.  This is 
presumably due to the fact that the interaction energy between Cl ion to 
water molecules is similar to water-water interaction energy.  
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Figure 3-8: Radial distribution functions of the intermolecular O-H bonds of 
water molecules around Ca (upper side) and Cl ions (lower side)  
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3.3.4 Total interaction energies in nanopores 
  Figure 3-9 shows total interaction energies of Ca2+, Cl- and H2O in 
nanopores and in bulk solution.  According to the graph, total interaction 
energies in w > 0.6 nm are similar to that in bulk solution. In w < 0.5 nm, 
total interaction energies of Ca2+ are smaller than that in bulk solution.  
The result is contrary to the hydration energy of Ca ions.  These results 
suggest that the interaction energy between Ca ions to close particles is 
stronger than that in bulk solution, but the interaction energy between Ca 
ions to long-distance particles is weaker than that in bulk solution.   
 
 
 
 
  
  
Figure 3-9: Total interaction energies of Ca (red lines), Cl (yellow lines) and 
H2O (blue lines). 
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3.3.4 Water structure in nanopores 
  Figure 3-10 shows the redial distribution functions of intermolecular O-H 
bonds of water molecules in CaCl2 aq. or pure water. These graphs suggest 
that the hydrogen bonding structures in whole water molecules are 
independent on the pore width and presence of ions.  
 
 
 
 
 
 
 
 
 
 
  
0.80.60.40.20.0
r / nm
0.80.60.40.20.0
r / nm
Figure 3-10: Radial distribution functions of the intermolecular O-H bonds 
of water molecules in CaCl2 aq. (left side) and pure water (right side).  
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3.4 Results and discussion 2: Concentration effect 
  This section deals with the structures of CaCl2 solution at different 
concentration that was obtained from experimental results (see sec. 3.5).  
The particle numbers of ions and water molecules are summarized in Table 
3-3 except for 1.0 mol dm-3.  The other parameters were the same as those 
used in the section 3.2. 
 
Table 3-3: The particle numbers  
Pore width / nm Concentration / 
mol dm-3 
Ca2+ Cl- Water 
0.5 0.5 6 12 432 
 1.5 18 36 396 
 2.5 28 56 366 
0.9 0.3 6 12 1072 
 1.7 33 66 991 
 2.5 50 100 940 
 
3.4.1 Density profiles 
  Figure 3-11 shows the density profiles of ions and water molecules in the 
pore width of 0.5, and 0.9 nm.  In 0.5 nm nanopore, water structure becomes 
ordered with decreasing concentration.   On the contrary, the distribution 
of ions is independent on the concentration with the exception of the 
intensity. The results suggest that the structure of CaCl2 solution in 
nanopore is less difference in different concentrations.   
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Figure 3-11: Density profiles in the nanopore of w = 0.5 nm (upper side) and 
w = 0.9 nm (lower side)   
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3.4.2 Hydration structure 
  Figure 3-12 shows the snapshots of hydration structure in the nanopore of 
w = 0.5 and 0.9 nm at different concentrations and Figure 3-13 shows the 
hydration number of these conditions.  The hydration number of Ca ions is 
decreasing and the number of ion-pairs is increasing with increasing 
concentration of solution. However, the hydration of Cl ions is less 
decreasing.   
  According to the local radial distribution functions of the intermolecular 
O-H bonds of water molecules around Ca and Cl ions (Fig. 3-14,15), the 
hydration structure is independent on the concentration of solution. The 
results suggest that the contribution of concentration to the structure is 
smaller than that of pore size. 
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Figure 3-12:  Snapshots of hydration structure at different concentrations   
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Figure 3-13: Hydration number  
Figure 3-14: O-H radial distribution functions around Ca ions in 
0.5 nm nanopore (left) and in 0.9 nm nanopore (right)   
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Figure 3-15: O-H radial distribution functions around Cl ions in 
0.5 nm nanopore (left) and in 0.9 nm nanopore (right)   
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3.5 Results and discussion 3: Experimental 
3.5.1 Experimental procedure 
  Activated carbon fiber (ACF) was used for adsorbate and CaCl2 aqueous 
solution was used for adsorbent. At first, 100 mg of ACF samples were added 
to 2 ml of CaCl2 solution with different concentration (0.01-3 mol dm-3) using 
vial containers. Then, the vial containers were placed in a water bath at 303 
K for 10 days.  After the adsorption, the suspension was filtered and 
residual Ca ions were analyzed by a titration experiment.  Adsorbed ACF 
samples were washed with deionized water and dried, and then analyzed by 
synchrotron X-ray diffraction (wavelength: 1 Å) . The synchrotron radiation 
experiments were performed at SPring-8 with the approval of the Japan 
Synchrotron Radiation Research Institute (JASRI) as Budding Researchers 
Support Proposal (Proposal No.: 2010A1601, 2010B1668, 2011A1782, 
2011B1674, 2012A1704 / BL No.: BL02B2).   
 
3.5.2 Concentration of Ca ions in ACF 
  Figure 3-16 shows the Concentration of Ca ions in ACF A5, A10, A20 at 
different bulk Concentrations.  These graphs are looked like similar 
behavior.  However, the concentration divided by bulk concentration (Fig. 
3-17), the result of A5 is different from the others. 
  The ratio of concentration in A5 is constant value (2.7), and that in A10 
and A20 are decreasing with increasing concentration of solution.   Because 
the pore width of A5 is smaller than that of A10 and A20, the enrichment 
effect in A5 may be larger than the others. 
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Figure 3-16: Concentration of Ca ions in A):A5, B):A10 and C): A20    
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Figure 3-17: Ratio of concentration of Ca ions in A):A5, B):A10 and C): A20    
A) 
B) 
C) 
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3.5.3 X-ray diffraction 
  Figure 3-18 shows the X-ray diffraction patterns of CaCl2 solutions and 
pure water in ACF A5, A10 and A20.  The concentration of these graphs 
means bulk concentration of Ca ions (same as section 3.6.1).  The existence 
of sharp peaks is caused by precipitation of CaCl2 crystal on A5.  The X-ray 
diffraction patterns in bulk solutions are shown in Fig. 3-19 for comparison. 
  In A5 and A10, first peak at s = 2 is sifted to right side (small angle) with 
increasing bulk concentration, as same as the XRD pattern in bulk solutions.  
On the contrary, first peak is sifted to left side in A20.  The reason for the 
behavior is not clear at this moment but may be caused by difference of 
condensation of Ca ions in nanopore.  The intensity at s = 2.5 is increased 
with increasing concentration of Ca ions. This is due to the existence of 
Ca-water interaction (distance between Ca ion to water molecule is 2.5 Å-1). 
  The other peaks at s = 3, 5 are not sifted.  These are caused by distance of 
hydrogen bond and H-H distance between water molecules. The result 
suggests that the local water structure is independent on the concentration 
of Ca ions and corresponds to the results in section 3.4. 
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Figure 3-18: XRD patterns of CaCl2 solutions in A):A5, B):A10 and C): A20    
B) 
C) 
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Figure 3-19: XRD patterns of CaCl2 solutions in bulk 
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3.6 Conclusion 
  According to the simulation data, the structure of calcium chloride solution 
in carbon slit pore, especially hydration structure of Ca ions, is depended on 
the pore width.  The hydration number of a Ca and Cl ion in the nanopore of 
w < 0.6 nm is smaller than that of bulk solution.  In contrast, the hydration 
number is larger than that of bulk solution in the nanopore of w ≥ 0.6 nm.  
Furthermore, the number of ion pairs in nanopores are half that of bulk 
solution.  The results suggest that the hydration structures are more 
dominant than the ion pair structure in nanopore, and that is corresponds to 
the calculation of ion-water interaction energies.  
  The results of X-ray diffraction patterns suggest that the local water 
structure is independent on the concentration of Ca ions and corresponds to 
the simulation results.  Molecular simulation provide with useful 
information about structure analysis in nanopores. 
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Chapter 4: Structure of Cyclohexene  
in Carbon Slit-pores 
 
 
4.1 Introduction 
There has been an increase in the use of activated carbons in the 
construction of environmentally friendly technologies with sufficient safety.  
Activated carbon has basically slit-shaped micropores, which provide much 
better accessibility for most molecules than the cylindrical pores of zeolites 
[1,2].  Recent researches have succeeded in tuning the pore width in the 
range from sub-nanometers to several nanometers; this has resulted in 
improvements in a wide range of applications, such as air separation (or air 
purification), solvent recovery, and manufacture of automobile canisters 
[3-7].  Furthermore, activated carbons have high electronic conductivities, 
allowing them to be used in electrochemical applications such as 
supercapacitors [8-10].  Another striking advantage of activated carbons is 
the fact that their production from natural products that fix atmospheric 
CO2 can contribute to CO2 sequestration [5,11,12].  However, there are still 
many research issues that need to be resolved to improve the performance of 
activated carbons.  With the exception of the surface functional groups 
involved in the adsorption of polar molecules, the specific interaction 
involved in the gas adsorbability of activated carbons has not been studied 
sufficiently.  Smith et al. [13] conducted the first study on the comparison 
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between benzene and cyclohexane adsorptions on graphite; in this study, 
stronger cyclohexane adsorption was observed than benzene adsorption.      
On the other hand, the strong -electron interaction of benzene with 
nanopore surfaces was observed by Dosseh et al. [14].  Moreover, 
comparison studies on adsorbed molecules of sp2 and sp3 carbons have been 
conducted for benzene and cyclohexane and for ethylene and ethane[15-17].  
The adsorption isotherms of ethane and ethylene on activated carbons 
showed larger amounts of adsorbed ethylene than ethane [18], indicating 
stronger interaction of sp2 carbon with pore walls.  Radovic et al. used 
molecular orbital calculations to emphasise the essential importance of the 
conjugated π-electron nature of the basal plane of the graphite in the 
adsorption of organic molecules [19].  The characteristic interaction, the  
interaction of the sp2 carbons in an adsorbed molecule with graphite, is 
caused by the electron cloud delocalization between the sp2 carbons in the 
molecule and graphite.  We still need to understand the difference between 
the adsorbed structures of the sp2 and sp3 carbon atoms of the adsorbate 
molecules upon adsorption on graphitic pores along with the dependence on 
pore width in order to obtain a better carbon adsorbent of high specificity for 
use in future technologies for the selective reaction and separation of 
unsaturated molecules.  Vernov and Steele showed the orientation of 
adsorbed benzene on graphite using a 12 site-model [20-22].  Do et al. 
studied the orientation structures of organic molecules on graphite and 
porous carbons using grand canonical Monte Carlo (GCMC) simulation, 
taking into account the molecular structures [23,24].  Such molecular 
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Figure 4-1: Molecular model 
Blue sphere; sp
2
 carbon 
Black sphere; sp
3
 carbon 
Red sphere; hydrogen 
simulation studies can reveal the interactions between sp2 carbon and a 
graphitic carbon surface along with the molecular structures.   
Cyclic hydrocarbons are important intermediates in many chemical 
reactions on transition metal surfaces [25,26].  Cyclohexene is one of the 
critical intermediates in catalytic reforming.  Many studies on the 
reforming process have been reported [25-27].  The cyclohexene molecule 
has two sp2 carbon atoms in addition to four sp3 carbon atoms, making it an 
appropriate probe molecule for research on the comparison of the 
adsorptions of sp2 and sp3 carbon atoms.  To understand the difference 
between the adsorbed structures of the sp2 and sp3 carbon atoms, we adopted 
GCMC simulation for studying cyclohexene adsorption on activated carbon.  
In addition, this study could serve as a guide in the development of better 
adsorption media for separating cyclohexene from commercial natural gas 
[4,6,15]. 
 
4.2 Simulation parameter 
A 16-centre model for the rigid cyclohexene 
structure in this study was adopted for the 
calculation. Fig. 4-1 shows a space-filled model of 
cyclohexene; the structural parameters are given in 
the paper by Faller et al. (Table 4-1) [28, 29].  The 
cyclohexene molecule has a distorted plane 
structure that consists of five single bonds (C-C) and one double bond (C=C).   
  The intermolecular interactions were described by the Lennard-Jones  
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potentials and the Lorentz-Berthelot 
mixing rules were applied to obtain the 
interaction energy and size parameters 
for the hetero-atomic interaction (See 
Chap. 2.1.1). The slit-shaped pore was 
modeled using the interface between two 
semi-infinite graphite slabs; the molecule-carbon wall interaction was 
approximated by the 10-4-3 Steele potential (See Chap.2.1.2). The 
electrostatic interaction between a polar molecule and a graphitic slab must 
be taken into account for a detailed analysis of the adsorption of polar 
molecules, as reported in previous papers [20, 30].  The electrically neutral 
cyclohexene atoms assumed here nominally give no electrostatic contribution 
to the interaction between the cyclohexene and the pore wall.  However, the 
electrostatic interaction is roughly included in the Lennard-Jones 
parameters obtained from the ab initio calculation by Ref. 28. 
Grand canonical Monte Carlo simulations of the cyclohexene were 
performed using 3  106 steps at 298 K, with three equivalent trials for the 
creation, deletion, and movement of the molecules (See Chap.3).  The 
pressure was calculated from the bulk molecular density in the unit cell of 6 
 6  6 nm3 by using the van der Waals equation after more than 1  108 
calculation steps and the accumulation of 9  107 steps.  A unit cell size of 6 
 6  w nm3 (0.5 ≤ w ≤ 3.0 ) and a 2-dimensional periodic boundary 
condition were used in this calculation. 
  
Atom  / nm  kB -1 / K 
H 0.252 31.9 
C (sp2) 0.321 35.6 
C (sp3) 0.311 35.6 
Table 4-1: potential parameters of 
cyclohexene 
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Figure 4-2: Molecular arrangements 
of adsorbed cyclohexene.  
(a): Head-on, (b): Side-on and 
(c): In-plane. 
4.3 Results and discussion 
4.3.1 Potential profiles 
The molecule-graphite pore interaction energy 
was calculated for three arrangements, as shown 
in Fig. 4-2.  The molecular plane is 
perpendicular to the graphite wall in 
arrangements (a) and (b).  The double bond is 
head-on toward a plus-side wall for (a), whereas 
there is side-on adsorption on the wall for (b).  
Hence, (a) and (b) are called head-on and side-on 
arrangements, respectively.  On the other hand, 
because the molecular plane is parallel to the 
wall in (c), arrangement (c) is called an in-plane configuration.  The 
molecule-pore interaction potentials were calculated as a function of the 
vertical distance of the molecular centre of gravity from the pore centre for 
the three arrangements. 
Fig. 4-3 and 4-4 show the molecule-pore interaction potentials for the three 
arrangements shown in Fig. 4-2.  For w = 0.6 nm, the in-plane arrangement 
gets a large stabilization energy of -8000 K, suggesting the presence of 
adsorption from an extremely low pressure.  The side-on arrangement 
provides the considerably large stabilization energy of -4000 K, whereas the 
head-on arrangement leads only to repulsive interaction energy.  The 
potential profiles for w = 0.7 nm are remarkably different from those for w = 
0.6 nm.  The most stable arrangement (-7000 K) is found to be the side-on 
(c) 
(b) 
(a) 
+ ‐ 
0 
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type with w = 0.7 nm.  The in-plane arrangement gives double potential 
minima, and the head-on and side-on arrangements give a single minimum.  
The all potential minima are close to each other, within 500 K, for w = 0.8 nm.  
The head-on arrangement leads to the single deepest potential minimum for 
w = 0.8 nm, and the side-on and in-plane arrangements have double minima.  
In the case of w ≥ 0.9 nm, the in-plane arrangement gave the deepest 
potential double minima, which are situated near the pore wall.  Then, 
cyclohexene molecules on the pore walls will be adsorbed on the pore walls 
with w ≥ 0.9 nm in the in-plane structure.  Similar double potential minima 
were obtained for the side-on arrangement, and the depth was slightly 
shallower than that for the in-plane arrangement. It is worth noting that the 
head-on arrangement gave an asymmetrical potential profile for w ≥ 0.9 nm; 
sp2 carbon leads to a stronger interaction. than sp3 carbon.  Even the single 
potential minima for w = 0.7 and 0.8 nm shift slightly in the positive 
direction due to the contribution by the sp2 carbons (see Fig. 4-3c and 4-3d).  
This interaction potential difference in the sp2 and sp3 carbon atoms is 
clearly observed in the adsorbed structure obtained from the GCMC 
simulation.  The potential profiles for w ≥ 1.0 nm have features that are 
almost similar to those for w = 0.9 nm (Fig. 4-4).   
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Figure 4-3:  Potential profiles of a cyclohexene molecule in graphitic slit pores with w = 0.5 
(a), 0.6 (b), 0.7 (c), and 0.8 nm (d).  Red curve: Head-on arrangement, blue curve: Side-on 
arrangement, and black curve: In-plane arrangements. 
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Figure 4-4:  Potential profiles of a cyclohexene molecule in graphitic slit pores with w = 0.9 
(e), 1.0 (f), 1.5 (g), and 2.0 nm (h).  Red curve: Head-on arrangement, blue curve: Side-on 
arrangement, and black curve: In-plane arrangements. 
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Fig. 4-5 shows the changes in the interaction potential minimum with the 
pore width for different adsorption structures.  The interaction energy 
depends sensitively on the pore width and the molecular arrangement in the 
pore; the most favourable arrangement predicted from the interaction 
potential varies with the pore width.  The deepest potential energy is 
obtained in the in-plane arrangement for w < 0.64 nm.  The side-on 
arrangement provides the deepest potential energy in the w range of 0.64 to 
0.75 nm.  The head-on arrangement gives the deepest interaction potential 
energy for w = 0.75–0.84 nm, indicating a contribution by the sp2 carbon 
atoms in the pores when w is approximately 0.8 nm, although the energy 
difference from the side-on arrangement is not marked compared with the 
difference for smaller pores. 
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Figure 4-5: Potential minima as function of pore width.  
○: Head-on arrangement,▵: Side-on arrangement, and □: In-plane arrangements. 
Top: Pore width lower than 2.0 nm, bottom: Magnified figure (pore width from 0.5-1.0 nm) 
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4.3.2 Adsorption isotherms 
  Fig. 4-6 shows the adsorption isotherms of cyclohexene in pores with 0.5–
3.0 nm at 298 K.  The ordinate represents the number of cyclohexene 
molecules adsorbed in the pore, with wider pores resulting in larger numbers 
of molecules above 10-3 kPa. As the pore width become larger, adsorption 
begins at high pressure except for w = 0.5-0.7 nm.  As the 0.5 nm pore is too 
narrow to accommodate cyclohexene molecules easily, adsorption begins 
above 10-5 kPa.  On the other hand, the pore width of 0.6 nm, which has the 
deepest potential minimum (-8000 K) for the in-plane arrangement, exhibits 
a quite intensive adsorption for cyclohexene; this adsorption begins even 
below 10-7 kPa.  As the pore with 1.0 nm has double minima, which are in 
the range from -4000 to -4500 K, adsorption begins at 5 × 10-6 kPa.  The 
adsorption for w > 1.5 nm begins above 5 × 10-5 kPa and has two-step 
adsorption.  For w > 1.5 nm, cyclohexene molecules adsorbed near the pore 
walls initially and they adsorbed the centre of the pore, because the potential 
energy near the pore walls is quite larger than the centre of the pore (Fig. 
4-4).    
The cyclohexene molecule has a distorted ring structure, making dense 
packing in a smaller slit pore space very difficult.  Fig. 4-7 shows the 
adsorption density of cyclohexene at filled pressure (5.1 × 10-2 kPa).  As the 
pore width become larger, the adsorption density is close to bulk density.  
However, the 0.6-0.8 nm pores have low adsorption density.  These can be 
understood from the following snapshot analysis.   
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Figure 4-6: Adsorption isotherms of cyclohexene at 298 K. Top: Plots of the 
number of cyclohexene molecules against adsorption pressure. Bottom: Plots of 
density of cyclohexene against adsorption pressure 
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Figure 4-7: Adsorption density of cyclohexene at 5.1 × 10
-2
 kPa. 
 
 
 
 
 
 
4.3.3 Adsorption structure of Cyclohexene 
Fig. 4-8 shows the snapshots at 10-2 kPa for w = 0.6, 0.7, 0.8, and 1.0 nm.  
Cyclohexene molecules form a single adsorbed layer that is inherent to the 
pore width for w = 0.6–0.8 nm, as shown in Fig. 4-5.  In the pore with w = 
0.6 nm, the cyclohexene molecules basically exhibit the in-plane 
arrangement.  Strictly speaking, the cyclohexene molecules are tilted 
against the pore wall due to the stronger sp2 carbon-pore wall interaction.  
The tilt angle will be shown later.  Single adsorbed layers having the 
side-on and head-on arrangements are observed in the pores with w = 0.7 
and 0.8 nm, respectively, which is expected from the results shown in Fig. 
4-5.  Two adsorbed layers of cyclohexene molecules are formed in the pore 
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with w = 1.0 nm.  Three layers and four layers are observed in the pores 
with w = 1.5 and 2.0 nm, respectively.  In the case of the pores with w = 1.5 
and 2.0 nm, molecules at the monolayer position orientate along the pore 
walls; molecules in the central space of the pore have almost a perpendicular 
configuration against the pore wall with less molecular orientation.  
The tilting of the cyclohexene molecules toward the pore walls clearly shows 
the molecular orientation to a pore wall.  Fig. 4-9 shows the angular 
distribution between the normal vector of a cyclohexene molecule and the 
pore wall surface.  Here, the normal vector is defined as a perpendicular 
vector to the plane of two sp2 carbons and two sp3 carbons next to the sp2 
carbon.  That is, the in-plane arrangement is at 0° and the head-on or 
side-on arrangement is at 90°.  The probable angles for w = 0.6 and 0.7 nm 
are 20–30° and 50–90°, respectively.  Thus, the in-plane arrangement is 
expected for w = 0.6 nm, while the head-on or side-on arrangement should be 
formed in the pore with w = 0.7 nm.  For w = 0.8 and 1.0 nm, angles of 20–
30° are observed in the contacts with the pore walls.  Angle distributions 
above 50° are also observed at some pore-centred positions, suggesting the 
head-on or side-on arrangement.  The head-on or side-on arrangement is 
mainly formed for w = 0.8 nm.  On the other hand, the in-plane 
arrangement is the most common for w = 1.0 nm.  
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Figure 4-8: Snapshots of adsorbed cyclohexene in the nanopores with w = 0.6, 0.7, 0.8, 
and 1.0 nm at 10
-2
 kPa.  Right side: Schematic model of typical structure of adsorbed 
cyclohexene.  Blue, grey, and red spheres depict sp
2
-carbon, sp
3
-carbon, and hydrogen, 
respectively.  Graphitic carbon walls are represented by the loose lines composed of black 
spheres. 
w = 0.6 nm 
w = 0.7 nm 
w = 0.8 nm 
w = 1.0 nm 
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Figure 4-9: Angular distribution of cyclohexene against the plane of the pore wall of w = 
0.6 (a), 0.7 (b), 0.8 (c), and 1.0 nm (d). 
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As the exact arrangement of the molecules facing the pore wall can provide 
useful information on the role of the sp2 carbon atoms in the molecule-pore 
wall interaction, distribution profiles were determined for the sp2 and sp3 
carbons in the adsorbed cyclohexene against the perpendicular axis of the 
pore walls, as shown in Fig. 4-10.  The snapshots in Fig. 4-8 and angular 
distribution in Fig. 4-9 cannot provide a clear insight into the role of the sp2 
carbon atoms in the cyclohexene-pore wall interaction.  Cruz and Mota 
found a slight difference between the distances of the sp2 and sp3 carbons 
from pore walls [16].  In contrast, Fig. 4-10 distinctly shows the difference 
in the positions of the sp2 and sp3 carbon atoms and the hydrogen atoms 
bonding to the sp2 and sp3 carbons.  The sp2 carbon atoms are actually in 
contact with a pore wall for w = 0.6 and 1.0 nm, although the remarkable 
difference between the sp2 and sp3 carbon atoms near the walls is not 
observed well for w = 0.7 and 0.8 nm.  The sp2 carbon has a considerably 
uniform distribution for w = 0.8 nm and some of the sp2 carbon is closer to 
the wall than the sp3 carbon, whereas the sp3 carbon prefers the monolayer 
position.  The distributions for w = 1.5 and 2.0 nm had tendencies similar to 
that for w = 1.0 nm (Fig.4-11) ; these distributions for w > 1.0 nm have sharp 
peaks near the pore walls, and no clear peak exists at around the centre of 
the pore.  The distribution peak of the sp2 carbon is closer to the pore walls 
than that of the sp3 carbon atoms for w = 0.6, 1.0, 1.5, and 2.0 nm, despite the 
fact that the Lennard-Jones diameter of the sp2 carbon is larger than that of 
the sp3 carbon by 0.01 nm.  Therefore, the sp2 carbon atoms can interact 
preferentially with the graphite walls in comparison with the interaction of 
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the sp3 carbon atoms for the specific pore widths.  The hydrogen atoms 
bound to the sp2 carbons are also distributed on the pore walls, whereas 
those bound to the sp3 carbons are orderly distributed in the pores.  In 
comparison to the carbon atoms, there exist nearer hydrogen atoms to the 
pore walls. 
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Figure 4-11: Distributions of cyclohexene in a direction perpendicular to the pore 
wall at 10
-3
 MPa, for w = 1.5 (a) and 2.0 nm (b).  Black curve: sp
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curve: sp
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4.4 Temperature effect 
  Fig. 4-12 and 4-13 show the adsorption isotherms in the pores with w = 
0.5-3.0 nm at 298-353 K.  As the temperature becomes higher, adsorption 
begins at high pressure except for w = 0.7 nm.  For w = 0.7 nm, adsorption 
isotherms are independent of the temperature owing to the deep potential 
minimum (-7000 K).   The adsorption isotherms in the pore width of 0.5 nm 
are similar to that of 1.5 nm, although the potential minimum of w = 0.5 nm 
is similar to that of w = 0.9 nm.  The result suggests that contribution from 
physical restriction of pore width to adsorption is larger than that from 
potential depth of the pore. 
For w > 2.0 nm, adsorption amounts become smaller with increasing 
temperature.  At 353 K, adsorption density of cyclohexene at highest 
pressure is half the 298 K value.  The results suggest that adsorption 
isotherms of cyclohexene in large pores are strongly influenced by the 
temperature.  On the other hand, adsorption structures at high 
temperature are similar to those at 298 K.  It means that the adsorption 
structures are depending on the pore width and independent on the 
temperature. 
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Figure 4-12: Adsorption isotherms of cyclohexene in the pores of w = 0.5 (a), 0.7 (b) and 0.9 
(c) nm at 298-353 K 
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Figure 4-13: Adsorption isotherms of cyclohexene in the pores of w = 1.5 (a), 2.0 (b), 2.5 (c) 
and 3.0 (d) nm at 298-353 K   
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4.5 Conclusion 
The preferential interaction of sp2 carbon atoms with a graphite wall is 
explicitly observed in the adsorption of cyclohexene in graphite slit pores, 
with the exception of pores with w = 0.7 and 0.8 nm, as cyclohexene has both 
sp2 and sp3 carbon atoms.  The preferential interactions of the sp2 carbon 
atoms and the hydrogen atoms bound to the sp2 carbon atoms in cyclohexene 
is enhanced in a restricted nanoscale pore space; this results in cyclohexene 
having a slightly tilted conformation.  The application of the preferential 
interaction nature of the sp2 carbon atoms to the design of a better adsorbent 
for aromatic compounds is expected to be quite useful, because the 
orientation of cyclohexene to the graphite walls depends on the pore width. 
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Chapter 5: Adsorption of CO2 with 
ELM-11 
 
 
5.1 Introduction 
  Metal organic frameworks (MOFs) or porous coordination polymer are 
promising materials for CO2 separation/storage because of their adsorption 
properties based on the high surface area and deep potential well [1−5]. 
Some MOFs show structural transformations, and flexibility is one of the 
most unique properties of MOFs [6−14].  For example, a two-dimensional 
(2D) sheet stacked type of MOF, shows a vertical uptake in adsorption 
isotherms of several kinds of gases known as a “gate phenomenon” [15-18]. 
The gate adsorption occurs through expansion/shrinkage structural 
transformation of the 2D layers accompanied with a clathrate formation 
[16,19] between the host framework and guest molecules, and therefore the 
2D MOF is called an elastic layer-structured MOF (ELM) [20,21].  In this 
section, CO2 adsorption properties of ELM-11, [Cu(bpy)2(BF4)2]n (bpy = 
4,4’-bipyridine), is described. 
 
5.2 Simulation parameter 
Grand canonical Monte Carlo (GCMC) simulations were performed for 
evaluating the stability change of ELM-11 by molecular adsorption and 
expansion. The crystal structure of ELM-11 was obtained from the structural 
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analysis of the guest-free form, as reported before [19]. The potential 
parameters of ELM-11 were taken from the universal force field [22-25]. 
Here the potential parameters of collision diameters σ and potential well 
depths ε are summarized in Table 5-1.  
A three-centered Lennard-Jones potential model with three partial 
charges was used as CO2 potential model, as shown in Table 5-1. In this 
model, the atomic distance between C and O atoms in CO2 molecules is 
0.1143 nm. These potential parameters were summarized by Makorodimitris 
et al [26].  
A three-by-three Cu grid model with bipyridine termination was used for a 
layer of ELM-11. The model of an ELM-11 crystal composed of four layers 
with ab stacking (Fig.5-2), corresponding to 4.116 nm × 4.176 nm × t nm3. 
The t is defined as the thickness of the ELM-11, which was simply varied 
from 2.021 nm (original structure: 100%) to 3.434 nm (50% expanded 
structure: 150%).  The interlayer distance was varied from 0.458 nm (100%) 
to 3.434 nm (150%). 
The unit cell size was 10 × 10 × 10 nm3 and the periodic boundary 
condition was adopted with the Ewald correction for long range interactions.  
The temperature was fixed at 273 K and CO2 pressure was denoted by 
relative pressure (P0 = 3.48 MPa) in those simulations. 
 
 
 
Figure 5-1: Bipyridine molecule 
C 
N N C 
C C 
C C 
C 
C C 
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 Table 5-1: Potential parameter 
 
 
 
 
 
 
 
 
Table 5-2: Interlayer distance 
 
 
   
  / nm  kB -1 / K q / e 
C (bipyridine) 0.375 55.36 -0.090 (C) 
-0.030 (C) 
+0.230 (C) 
F 0.300 34.22 -0.494 
N 0.325 85.56 -0.490 
Cu 0.257 5.888 +2.000 
C (CO2) 0.2753 29.07 +0.6466 
O 0.3029 83.20 -0.3233 
  nm 
100% 0.458 
110% 0.553 
120% 0.647 
130% 0.742 
140% 0.837 
150% 0.932 
Figure 5-2: Models of ELM-11  
Left: Side view, and right: Diagonal view. 
Blue, gray, green, red and yellow spheres depict Nitrogen, Carbon, 
Boron, Cupper and Fluorine, respectively. 
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5.3 Results and discussion 
5.3.1 Adsorption isotherms 
  Figure 5-3 shows the total adsorption isotherms of CO2 on ELM-11 at 273 
K.  The adsorption isotherms of CO2 on the surface of ELM-11 (surface 
adsorption isotherms) and the adsorption isotherms of CO2 in the slit pore of 
ELM-11 (pore adsorption isotherms) are shown in Fig. 5-4.  The total 
adsorption isotherms and the surface adsorption isotherms are increased 
with increasing CO2 pressure at all ELM-11 structures. The result suggests 
that the effect of surface in this simulation is larger than that in the real 
system because of the small crystal size.  As the pore adsorption isotherms, 
ELM-11 that expansion rates are 100-110 % has less adsorptivity and 
adsorption amount becomes increasing with the expansion rate beyond 120%.  
These data are in rough agreement with the experimental data.   
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Figure 5-3: Total adsorption isotherms of CO2 on ELM-11 at 273 K. The pore 
size is from 100 % (original structure) to 150 % (expanded structure)   
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Figure 5-4: Adsorption isotherms of CO2 on ELM-11 surface (top) and pore 
(bottom) at 273 K. The pore size is from 100% (original structure) to 150% 
(expanded structure)   
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5.3.2 Potential energy of ELM-11  
  Figure 5-5 shows the Potential energy of ELM-11 against the different 
expansion rate.  According to the graph, no expansion structure is most 
stabilized in the case of less CO2 adsorption.  On the other hand, 
CO2-adsorbed ELM-11 is stabilized with increasing CO2 pressure and 
expansion rate (Fig 5-6).  In order to analyze the behavior, adsorbed CO2 
molecules were divided into two parts; adsorbed on the surface of ELM-11 
(surface CO2) and adsorbed in the interlayer of ELM-11(pore CO2). 
  Figure 5-7 and 5-8 show the potential energy of surface CO2-ELM-11 and 
that of pore CO2-ELM-11, respectively.  According to Fig. 5-7, ELM-11 is 
stabilized with increasing CO2 pressure and less stabilized with increasing 
expansion rate, in other words, the potential energy of surface CO2-ELM-11 
has similar behavior to that of ELM-11 only.  Meanwhile, potential energy 
between pore CO2 and ELM-11 shows that ELM-11 is stabilized with 
increasing expansion rate beyond 120% (Fig. 5-8), it is due to less adsorption 
amount at 100-110% structure. At 150% structure, potential energies 
between pore CO2 and ELM-11 are similar or smaller than those at 140%, 
because destabilization energy of ELM-11 is larger than pore CO2-ELM-11 
interaction energy. These results suggest that surface CO2 molecules 
contribute to the stabilization of ELM-11 at high CO2 pressure and pore CO2 
molecules contribute to that at large expansion rate. 
  
- 81 - 
 
Figure 5-5: Potential energy of ELM-11 against the expansion rate from 100% to 150 %. 
Figure 5-6: Potential energy of CO2-adsorbed ELM-11 against the expansion rate 
from 100% to 150 %. CO2 pressure is from 0 (ELM-ELM) to 0.02.   
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Figure 5-7: Potential energy between surface CO2 and ELM-11 against the 
expansion rate from 100% to 150 %. CO2 pressure is from 0 (ELM-ELM) to 0.02.   
Figure 5-8: Potential energy between pore CO2 and ELM-11 against the expansion 
rate from 100% to 150 %. CO2 pressure is from 0 (ELM-ELM) to 0.02.   
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5.3.3 Interaction energy of CO2 
  Figure 5-9 shows the interaction energy of surface CO2 molecules (sum of 
two energies: CO2-CO2 and CO2-ELM-11) against different pressures.  The 
graph suggests that the interaction energy of surface CO2 molecules is 
independent of CO2 pressure and CO2 molecules in the original structure are 
slightly stable than the other structure.  In contrast, the interaction 
energies of pore CO2 molecules show the different behavior in figure 5-10. 
The largest interaction energy of pore CO2 molecules is in the 130% 
expansion structure and the unstable structure is in the original structure. 
The results suggest that CO2 molecules preferentially adsorbed on ELM-11 
surface at low expansion, and the expansion rate beyond 130%, CO2 
molecules preferentially adsorbed in ELM-11 pores.  These results 
correspond to experimental data. 
  Figure 5-11 shows the snapshots of CO2 adsorbed ELM-11.  CO2 
molecules are mainly adsorbed around the BF4 ions on ELM-11 surface at 
100% structure (original structure) and 120% at low CO2 pressure.  At high 
CO2 pressured 120% structure and 130% structure, CO2 molecules are 
adsorbed on the interlayer BF4 ions as a priority.  
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  Figure 5-9: Interaction energy of surface CO2 molecules against the CO2 pressure. 
The pore size is from 100 % (original structure) to 150 % (expanded 
structure) 
Figure 5-10: Interaction energy of pore CO2 molecules against the CO2 pressure. 
The pore size is from 100 % (original structure) to 150 % (expanded 
structure) 
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100% 120% 130% 
P/P0: 0.001 
P/P0: 0.005 
P/P0: 0.01 
Figure 5-11: Snapshots of CO2 adsorbed ELM-11 with 100 (original structure), 
120 and 130% interlayer distance. CO2 relative pressure is from 0.001 to 
0.01.  
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5.4 Conclusion 
  The data of CO2 adsorption of ELM-11 with molecular simulation is good 
agreement with the experimental data.  The interaction energy between 
ELM-11 layers is decreased with increasing interlayer distance. On the other 
hand, the interaction energy of CO2 adsorbed ELM-11 is increased with 
increasing interlayer distance and CO2 pressure.  The interaction energy of 
surface CO2 molecules in the original structure is slightly larger than the 
other structure and pore CO2 molecules in the 130% expansion structure are 
most stable structure. And CO2 molecules adsorbed near BF4 ions as a 
priority. These results suggest that CO2 molecules preferentially adsorbed 
on BF4 ions on ELM-11 surface at low expansion, and the expansion rate 
beyond 120% or high CO2 relative pressure, CO2 molecules preferentially 
adsorbed in interlayer of ELM-11.  These simulation data will account 
nicely for the gate phenomena.  
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Chapter 6: General conclusion 
 
 
  In this thesis, there was indicated the adsorption structure of adsorbed 
particles and the interaction energy between pore wall and adsorbed 
particles.   
  Chapter 3 shows the structure of CaCl2 solution in carbon slit pores. 
Section 2 shows the pore-width dependence of the hydration structure of Ca 
and Cl ions and Concentration effect is shown in section 3. These results 
suggest that the pore size effect is dominant over the concentration effect on 
the structure. According to the section 4, simulation data indicate the 
experimental data. 
  Chapter 4 shows the adsorption behavior of cyclohexene in carbon slit 
pores. The preferential interactions of the sp2 carbon atoms and the 
hydrogen atoms bound to the sp2 carbon atoms in cyclohexene is enhanced in 
a restricted nanoscale pore space; this results in cyclohexene having a 
slightly tilted conformation. 
  CO2 adsorption on ELM-11 with molecular simulation is shown in Chapter 
5.  That is good agreement with the experimental data. And the results 
suggest that CO2 molecules preferentially adsorbed on ELM-11 surface at 
low expansion, and the expansion rate beyond 130%, CO2 molecules 
preferentially adsorbed in ELM-11 pores.  
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・CaCl2 aq.  
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Figure A1: snapshots, Density profiles (solid lines) and potential profiles (dashed line) 
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Figure A2: Radial distribution functions of the intermolecular O-H bonds of 
water molecules around Ca (left side) and Cl ions (right side)  
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Figure A3: Radial distribution functions of the intermolecular O-O bonds of 
water molecules around Ca (left side) and Cl ions (right side)  
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Figure A4: Radial distribution functions of the intermolecular O-O bonds of 
water molecules in CaCl2 aq. (left side) and pure water (right side).  
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・Cyclohexene 
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Figure A5: Snapshots of adsorbed cyclohexene in the nanopores with w = 0.5, 0.9, 1.5, and 
2.0 nm at 10
-2
 kPa.  Blue, grey, and red spheres depict sp
2
-carbon, sp
3
-carbon, and 
hydrogen, respectively.  Graphitic carbon walls are represented by the loose lines 
composed of black spheres. 
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Figure A6: Angular distribution of cyclohexene against the plane of the pore wall of 
w = 0.5 (a), 0.9 (b), 1.5 (c), and 2.0 nm (d). 
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Figure A7: Adsorption amount of cyclohexene per unit square against pore width 
at 298 K. Solid lines: Adsorption amount at each pressure, dashed line: Bulk 
density 
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・ELM-11 
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Figure A8: Snapshots of CO2 adsorbed ELM-11 with 110, 140 and 150% 
interlayer distance. CO2 relative pressure is from 0.001 to 0.01.  
